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Abstract 
Every nondestructive testing (NDT) technique has its unique set of advantages and limitations. 
Currently, the only existing noncontact NDT method capable of measuring sub-surface stresses, in 
optically opaque materials, at near-real-time speeds and over large areas is Microwave Photoelasticity 
(MP). This paper presents a new MP approach, which correlates changes in resonant wavelengths to 
changes in stress. In addition to a theoretical outline of the approach, the design and operation of an 
instrument capable of conducting these measurements is described. Finally, the technique is demonstrated 
by conducting measurements on polyetheretherketone, commonly known as PEEK, polymer. Between 
the W-Band frequencies of 105 to 115 GHz, PEEK’s stress-optic-coefficient was determined to be of 
𝐶𝐶 = −0.20 ± 0.02 1/GPa.  
1.0 Introduction and Motivation 
Today, engineers have access to numerous testing methods capable of measuring stresses within 
materials. Each method possesses a particular set characteristics making it well-suited to specific 
applications. Traditional strain gauges excel at high-precision, single point measurements, while digital 
image correlation (DIC) is superior when analyzing dynamic stress distributions. Residual stress analysis 
often utilizes a variety of X-Ray diffraction (XRD) techniques. Yet, each technique also has a set of 
limitations.  
These limitations ultimately restrict the ability to assess material performance under certain 
conditions. For example, high-temperature testing degrades surface treatments required by traditional 
strain gauges and DIC applications. Ionizing X-Rays are potentially harmful to the integrity of the test 
materials, and XRD is further limited to the analysis of small spatial regions. Alternative destructive 
testing techniques are not cost-effective and ill-suited to quality control applications where individual 
components are intended to be entered into service (Ref. 1). Therefore, it is necessary to continue 
developing new nondestructive testing (NDT) methods that complement existing techniques.  
This paper describes a NDT technique capable of measuring stresses by utilizing focused beams of 
microwave radiation (Refs. 2 to 4). The technique, similar to radar, operates by identifying and tracking 
wavelength (or frequency) resonances generated by the interaction of the microwave beam and material 
under test. Focused microwave radiation is capable of imaging full-field stress distributions as well as 
measuring sub-surface stresses. Additionally, since the technique does not require any contact with, or 
modification of the material, it is well-suited to both high-temperature testing and quality control 
applications. 
Section 2.0 of this paper describes the theoretical foundation on which the resonant wavelength 
technique is built, while Section 3.0 describes an instrument capable of conducting these measurements. 
Finally, Section 4.0 demonstrates how the technique works in practice by providing measurement data 
obtained from polyetheretherketone (PEEK) polymer (Ref. 5). 
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2.0 Using Resonant Wavelengths to Measure Stress 
Materials under stress become birefringent, meaning that their refractive index changes in both 
direction and magnitude. The stress-optic-law (Ref. 6) states that the level of birefringence is linearly 
proportional to the difference in stress along the material’s principle stress axis. The stress-optic-law is 
commonly written as (Ref. 2), 
 Δ𝑛𝑛 = 𝐶𝐶Δ𝜎𝜎 (1) 
Here, Δ𝑛𝑛 is the change in refractive index, 𝐶𝐶 is the stress-optic-coefficient (SOC) and Δ𝜎𝜎 is the change in 
stress applied to the material. The use of visible light to measure stress distributions in materials, via 
Equation (1), is known as photoelasticity.  
Photoelastic measurements were vital to aerospace engineering before the advent of computer-aided-
design or CAD (Ref. 7). The technique allowed engineers to quickly visualize component performance 
under load, and enabled rapid optimization of designs. However, traditional photoelastic measurements 
require visible light, limiting the technique to optically transparent materials, few of which are relevant to 
aerospace applications (Ref. 8).  
Today, microwave technologies are in widespread use. Vector network analyzers (VNAs) now 
regularly support frequencies from 100 GHz up to several THz. Importantly, microwaves are transparent 
to a number of high-value materials used in aerospace applications, and are still able to produce images 
with high spatial resolution. These characteristics make today’s high-frequency microwave instruments 
capable of imaging refractive index distribution across aerospace engineering materials.  
One method to measure the refractive index of a material is to measure its resonant wavelength (or 
frequency) (Ref. 9). This approach relies on the Fabry-Perot effect, where propagating electromagnetic 
waves are partially transmitted and reflected at the boundaries between two materials. In the case of a 
dielectric slab with parallel faces, constructive and destructive interference takes place between the 
partially transmitted and reflected waves from the slab’s front and back surfaces (Ref. 10). 
Both the Fabry-Perot transmission and reflection coefficients are analytically determined by a 
nonlinear equation (Refs. 2 and 3). Analysis of the nonlinear equations shows that the points of maximum 
transmission (and hence minimum reflection) are described by (Ref. 9),  
 𝑛𝑛 ⋅ 𝑑𝑑 =  𝛼𝛼
2
𝜆𝜆0 (2) 
where 𝑑𝑑 is the dielectric slab’s thickness, 𝜆𝜆𝑜𝑜 is the wavelength corresponding to the minimum reflected 
power (i.e., the resonant wavelength), and 𝛼𝛼 is an integer that is equal to the number of half-wavelengths 
within the material.  
Therefore, a change in refractive index must result in resonant wavelength change such that, 
 Δ𝜆𝜆0 = 2𝑑𝑑𝛼𝛼 ⋅ Δ𝑛𝑛 (3) 
Substitution of Equation (1) into Equation (3) then yields,  
 Δ𝜆𝜆0 = 2𝑑𝑑𝛼𝛼 ⋅ 𝐶𝐶Δ𝜎𝜎 (4) 
For standard dogbone shaped specimens, the change in stress is simply the ratio of the change in applied 
load to cross sectional area.  
 Δ𝜆𝜆0 = 2𝐶𝐶𝛼𝛼⋅𝑤𝑤 ⋅ Δ𝐹𝐹 (5) 
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Here, Δ𝐹𝐹 is the change in applied load, and 𝑤𝑤 is the specimen width. Note that the specimen thickness 𝑑𝑑 
drops out of the equation. Note that 𝐶𝐶 has units of 𝑚𝑚2/𝑁𝑁, or 1/𝑃𝑃𝑃𝑃, (better known as a Brewster) which is 
the same as was used in traditional visible photoelastic systems. After examining Equation (5) it is clear 
that when measuring dogbone shaped specimens, the resonant wavelength will change as a linear function 
of the applied load. A measurement system used to determine the relationship between resonant 
wavelength and applied force, is described in the upcoming Section. 
3.0 Measurement System Overview 
The resonant wavelength approach outlined in Section 2.0 requires the generation and receipt 
of a free-space microwave beam that is normally incident to the material under test. Furthermore, 
identification of the resonant wavelength necessitates a frequency-domain approach. A suitable solution is 
to utilize a quasi-optical set up, whereby mirrors or lenses focus radiation from an antenna onto the 
sample (Ref. 11).  
Figure 1 shows the quasi-optical set up used to gather all experimental data used in this paper. The 
instrument consists of two antennas, with polytetrafluoroethylene (PTFE) lenses that focus the microwave 
beam onto the specimen. A tensile testing stage is used to apply tensile loads to dogbone shaped 
specimens. Each antenna is connected to a VNA which supplies the transmission signal and records the 
received signal across a designated frequency band. By comparing the transmitted and received signals, 
the VNA calculates four scattering, or S-parameters. These S-parameters indicate the signal received by 
antenna 1 due to the signal from antenna 1 (S11), the signal received by antenna 2 due to the signal from 
antenna 1 (S21), and so forth (Ref. 12).  
 
 
 
 
Figure 1.—Diagram of the microwave instrument used to collect data in this paper. A VNA 
produces a microwave signal which is focused onto the material under test, using PTFE lenses. 
The VNA captures the resulting S-Parameters, which are used to identify and track resonances. 
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Acquiring accurate S-parameter data necessitates that the VNA be calibrated. While there are 
numerous VNA calibration procedures, a commonly used method for free-space applications is known as 
Thru-Reflect-Match (TRM) (Refs. 13 and 14). This procedure consists of three separate measurements, 
the first of which is the Thru-measurement. Thru measurements are completed by recording the four 
S-parameters without a specimen present. Reflect measurements are completed by placing a polished flat 
mirror, with the same dimensions as the eventual test specimens, in the sample holder, and again 
recording all four S-parameters. Finally, the Match measurement consists of measuring the S-parameters 
produced when microwave absorber is placed in the specimen location. Modern VNAs typically contain 
software to automatically calculate the calibration coefficients, alternatively they may be determined 
manually (Ref. 11). Finally, a time-gate is applied to the calibrated data, so that spurious reflections from 
objects other than the material under test are removed from the S-parameter data. 
Calibrated S-parameter data (Figure 2), as well as the current applied load and specimen extension, is 
collected from the VNA and tensile stage using a remote computer. An analysis program is used to 
calculate the resonant wavelength from the reflection (S11 or S22) data. The first step is to determine the 
frequency associated with the minimum reflection magnitude. Then, a quadratic fit is applied to the data 
points nearest the initial resonant frequency value. A revised minimum S-parameter magnitude is 
identified (Figure 3). Important VNA parameters used to collect data presented in this paper are displayed 
in Table 1. 
 
 
 
Figure 2.—S-parameter data, collected by the VNA, includes 
resonances in the reflection coefficient. 
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(a) 
 
(b) 
Figure 3.—Resonances are identified by locating minima in the 
measured reflection coefficient. Initially, the minimum magnitude in 
the measured array is identified using an analysis script (a). This 
course identification is refined by fitting a quadratic function to the 
measured data, in the region of the initial resonance value (b). (a) 
Course identification of the resonant frequency. (b) Refinement of 
the resonant frequency identification. 
 
TABLE 1.—VNA PARAMETERS USED TO COLLECT DATA 
PRESENTED IN THIS PAPER 
Parameter name Value Units 
Frequency start 105 GHz 
Frequency stop 115 GHz 
Number of frequency points 801 --- 
Frequency spacing 12.5 MHz 
Intermediate frequency bandwidth 300 Hz 
Time gate start –100 ps 
Time gate stop +100 ps 
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4.0 PEEK Polymer Results 
Polyaryletherketone, or PEEK, is a thermoplastic polymer commonly used in aerospace applications. 
PEEK is well behaved from both a mechanical and RF perspective. For example, PEEK has a tensile 
modulus of 3.7 GPa and a tensile strength of 100 MPa (Ref. 5). From an RF perspective, PEEK has a 
negligible loss tangent and a modest refractive index of 𝑛𝑛 = 1.79 (Ref. 15). Sub-Section 4.1 describes the 
process for determining α, used in Equation (5). PEEK’s stress-optic-coefficient is determined in 
Section 4.2 while the impact of varying specimen width is shown in Section 4.3.  
4.1 Determining α 
Section 2.0 described a technique to measure stresses within dielectric materials by identifying and 
tracking resonant wavelengths generated by destructive interference induced by the material under test. This 
technique depends, in part, on the identification of the number of half-wavelengths α, within the material.  
Determining the appropriate value for α begins by measuring the reflection coefficient of the material 
(S11 or S22), and identifying the resonant wavelength. Figure 3 indicates that a 3.08 mm thick slab of 
PEEK material produces a resonant frequency at 109.114 GHz, which translates to a resonant wavelength 
of 𝜆𝜆0 = 2.75 mm. Rearranging Equation (2) yields the useful equation,  
 𝛼𝛼 = 𝑖𝑖𝑛𝑛𝑖𝑖 �2𝑛𝑛⋅𝑑𝑑
𝜆𝜆0
� (6) 
Here, 𝑖𝑖𝑛𝑛𝑖𝑖( ) specifies that noninteger quotients shall be rounded to the nearest integer. A value of 𝛼𝛼 = 4 is 
achieved by using PEEKs known refractive index, across W-Band (75 to 110 GHz) of 𝑛𝑛 = 1.79 (Ref. 15). 
The value of α is confirmed by using the following rearrangement of Equation (2), which results in a 
redetermined thickness of 3.07 mm.  
 𝑑𝑑 = 𝛼𝛼⋅𝜆𝜆0
2𝑛𝑛
 (7) 
This 10 µm difference from the actual measured sample thickness is well within the expected error 
associated with using a digital hand caliper. Now that α is known, PEEK’s stress-optic-coefficient 𝐶𝐶, 
may be determined.  
4.2 Determining the Stress Optic Coefficient 
Several steps are required to measure a material’s stress-optic-coefficient. First, tensile testing 
specimens must be subjected to several applied loads. Here, PEEK specimens were placed under an 
incrementally increasing tensile load, up to a maximum of 1,200 N, and then subsequently relaxed 
incrementally back to a load-free condition. This process was repeated three times as demonstrated by 
Figure 4(a). An extensometer was used in conjunction with the tensile testing machine’s load cell, 
producing force versus head displacement curves (Figure 4(b)) across the entire load-profile. 
As the tensile testing stage steps through each load point, the VNA (Figure 1) captures S-Parameters 
generated by the interaction of the microwave beam and material. The next step in the process is to 
determine the resonant wavelength from either S11 or S22, using the process outlined in Section 4.1, and 
then plot that resonant wavelength as a function of the applied force. Figure 5(a) shows the accumulated 
results of this process, generated by five PEEK specimens. A linear fit (dashed line) is then applied to 
each set of data points resulting in a measured slope and y-intercept for each individual specimen.  
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(a) 
 
 
(b) 
Figure 4.—PEEK specimens were subjected to a linear loading 
ramp, up to a maximum of 1,200 N, three times (a). Specimens 
exhibited elastic behavior during the test, as observed by 
the repeatable force versus head displacement traces (b). 
(a) Loading cycle as a function of time. (b) Force versus head 
displacement. 
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(a) 
 
(b) 
Figure 5.—Resonant wavelength is a linear function of applied 
force, as expected according to the Stress-Optic-Law (a). 
Small changes in the resonant wavelength, due to differences 
in VNA calibration, specimen placement and material 
properties, produce a vertical offset between data sets, which 
are removed to observe the relative change in resonant 
wavelength (b). (a) Absolute change in resonant wavelength 
versus applied force. (b) Relative change in resonant 
wavelength versus applied force. 
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The final step in determining the stress-optic-coefficient is to solve Equation (5). Since Equation (5) 
requires the change in resonant wavelength, the vertical shift between individual specimens is removed 
from Figure 5(a), resulting in Figure 5(b). Finally, note the PEEK specimens used in this study had gauge 
widths of 20 mm and recall that Section 4.1 determined that 𝛼𝛼 = 4. Therefore, Equation (5) may be 
rearranged to solve directly for the stress-optic-coefficient. Doing so results in a value of 𝐶𝐶 = −0.20 ±0.02 1/GPa.  
4.3 Impact of Sample Width 
It is evident from examining Equation (5), that measured resonant wavelengths depend on α, as 
described in Section 4.1, but also the sample width. In fact, the slope observed when plotting measured 
resonant wavelength versus applied force is inversely proportional to sample width. Therefore, when 
specimens of different widths are measured, their resonant wavelength versus applied force slopes � 2𝐶𝐶
𝛼𝛼⋅𝑤𝑤
� 
will be different. The critical point to remember is that it is the stress-optic-coefficient 𝐶𝐶, which is 
consistent for a material, not the measured slope of resonant wavelength versus applied force.  
To demonstrate this fact, three PEEK specimens, each with different widths (15, 20, and 25 mm), 
were manufactured and subjected to the same load profile conducted in Section 4.2, four times each. The 
average response, complied from all four runs of each individual specimen are presented in Figure 6(a). It 
is clear that the three responses are different, and that the absolute value of the slope increases as the 
width decreases, which is expected according to Equation (5).  
Figure 6(b), on the other hand, plots the following equation.  
 Δ𝜆𝜆0⋅𝑤𝑤⋅𝛼𝛼
2
= 𝐶𝐶 ⋅ Δ𝐹𝐹  (8) 
It is clear from the form of Equation (8) that the resulting slopes in Figure 6(b) should all be equivalent, 
as the constant of proportionality is just the stress-optic-coefficient, which is a material property. 
Inspection of Figure 6(b) confirms that this is indeed the case. Table 2 provides the values of each 
determined slope in Figure 6.  
The values in the center column of Table 2 correspond to the slopes in Figure 6(a). The result is a 
different slope for specimens of different widths. Assuming a normal distribution, none of these results 
overlap sufficiently enough to claim that they are statistically similar. On the other hand, the right most 
column of Table 2 provides the determined stress-optic-coefficient for each specimen type, which are 
certainly from the same distribution.  
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(a) 
 
(b) 
Figure 6.—As measured resonant wavelength is a function of both α 
and specimen width. Thus, the slopes produces when measuring 
specimens of different widths, will be different (a). Correcting the 
resonant wavelength, (Eq. (8)), results in a linear function with a slope 
equal to the stress-optic-coefficient 𝐶𝐶, for all specimen widths (b). 
(a) Measured resonant wavelengths not accounting for changes in 
width. (b) Corrected resonant wavelength versus applied force data. 
 
 
TABLE 2.—MEASURED SLOPES FROM FIGURE 6, DEMONSTRATING THE 
IMPACT OF NOT CORRECTING FOR DIFFERENCES IN SPECIMEN 
WIDTHS, THUS VALIDATING EQUATION (5) 
Sample width, 
mm 
2𝐶𝐶
𝛼𝛼⋅𝑤𝑤
 (mm/N) 𝐶𝐶 (1/GPa) 
15 –0.007 ± 0.0007 –0.21 ± 0.02 
20 –0.005 ± 0.0005 –0.21 ± 0.02 
25 –0.004 ± 0.0006 –0.20 ± 0.03 
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5.0 Conclusion 
This paper outlined a new method to measure material stresses using focused microwave radiation 
and a resonant wavelength analysis approach. In Section 2.0, a new equation (Eq. (5)), connecting the 
Stress Optic Law and Fabry-Perot equation for minimum reflection, was derived. The equation enables 
conversions between microwave collected refractive index data and mechanical stress. The constant of 
proportionality is a function of the stress-optic-coefficient 𝐶𝐶, the number of half-microwave wavelengths 
α present in the sample and the sample width.  
Section 3.0 provided a short description of the measurement system and recorded data. A microwave 
beam, generated by an antenna, is focused onto the material under test using a lens. A vector network 
analyzer (VNA) collects S-Parameters, which determine the amount of power transmitted through, and 
reflected by, the material. Since the specimens being tested are dogbone shaped with flat and parallel 
front and back surfaces, the reflected power contains resonances governed by the Fabry-Perot effect.  
Section 4.0 demonstrated this new microwave measurement approach using PEEK polymer as a test 
material. Section 4.1 demonstrated a technique for using these resonances to determine the half-
wavelength term α. The half-wavelength term depends on the material’s physical thickness and known 
refractive index. Once α is known, the stress-optic-coefficient is determinable.  
Five dogbone specimens were machined from PEEK sheet, and were then subjected to a series 
of increasing and decreasing load profiles (Figure 4). At several points, the microwave system took 
S-Parameter measurements. These measurements were used to determine the resonant wavelength, 
which was then plotted as a function of the applied force in Figure 5. From this data, PEEK’s stress-optic-
coefficient was found to be 𝐶𝐶 = −0.20 ± 0.02 1/GPa.   
Finally, Section 4.3 showed how changing specimen width results in a different resonant wavelength 
versus applied force response (Figure 6(a)). However, the stress-optic-coefficient remained constant 
(Figure 6(b)). Table 2 provided statistical data showing that indeed, the resonant wavelength versus 
applied force responses were from statistically different distributions, while the calculated stress-optic-
coefficients were statistically from the same distribution.  
The methods, tools and results presented herein confirm that this new resonant wavelength approach, 
using focused microwave-radiation, is capable of accurately measuring stresses within aerospace relevant 
materials. This new NDT approach has the potential to make challenging tests, such as high-temperature 
sub-surface stress measurements, possible. The second paper in this series “Microwave Photoelasticity: 
Exploiting Multiple Resonances to Measure Stress Changes within Yttria-Partially-Stabilized-Zirconia,” 
delves deeper into the technique using ceramic materials. 
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